Abstract-To investigate the effects of pulsed electromagnetic field (PEMF) with high electric field intensity on bone formation in murine osteoblast-like MC3T3-E1 cells, proliferation, alkaline phosphotase (ALP) activity, mineralized nodule formation, Collagen Type I (COL-I) and core-binding factor (Cbf)a1 mRNA expression, and bone morphogenetic protein (BMP)2/4 and mothers against decapentaplegic (Smad)1/5/8 protein expression were examined in cultured MC3T3-E1 cells after exposure to PEMF at the field intensities of 0 kV/m, 50 kV/m or 400 kV/m for 400 consecutive pulses daily for 7 consecutive days. After 50 kV/m of PEMF exposure, none of the above parameters of MC3T3-E1 cells changed significantly when compared to the control groups. However, the proliferation, ALP activity and mineralized nodule formation of MC3T3-E1 cells in 400 kV/m PEMF exposure groups decreased significantly although COL-I and Cbfa1 mRNA expression and BMP2/4 and Smad1/5/8 protein expression did not change. The PEMF we used at high electric field intensity suppressed proliferation, differentiation and
mineralization of MC3T3-E1 cells in culture and appeared to be harmful for bone formation.
INTRODUCTION
Pulsed electromagnetic field (PEMF) are extensively applied to the treatment of orthopaedic conditions involving non-union fractures, fresh fractures and osteoporosis [1, 2] . Despite much evidence that PEMF can increase the osteoblast proliferation [3] [4] [5] [6] [7] , differentiation [8] [9] [10] [11] and extracellular matrix calcification [7, 8, 12, 13] , there were still some opposite or negative reports [14] [15] [16] [17] [18] [19] . So results of investigations dealing with this issue are still being debated. The difference between results may be due to the different frequency or intensity of PEMF used in different studies. The present study was carried out in response to the great diversity of the results reported in previous studies [20] .
In previous reports the electric field intensities of PEMF were relatively low. For example, Ozawa et al. [4] stimulated murine osteoblast-like cells by a PEMF with an electric field intensity of 3.19 kV/m; McLeod and Collazo [14] exposed MC3T3-E1 cells to a PEMF with an electric field intensity of 0.9 mV/m; Hartig et al. [9] used a PEMF with an electric field of 6 kV/m; Chang et al. [17] applied a PEMF with an electric field intensity of 0.2 V/m to expose neonatal mouse calvarial bone cell cultures (Table 1) . So far there were no reports available on the effects of electromagnetic field with high electric field intensity on bone formation of osteoblasts. In this study, the PEMF we used is with high electric field intensity which is up to 400 kV/m. In order to determine whether high electric field intensity PEMF affects bone formation and to analyze the underlying mechanism, we investigated the effects of PEMF on cell growth, alkaline phosphotase (ALP) activity, mineralized nodule formation, Collagen Type I (COL-I) and core-binding factor (Cbf)a1 mRNA expression, and bone morphogenetic protein (BMP)2/4 and mothers against decapentaplegic (Smad)1/5/8 protein expression in murine osteoblast-like MC3T3-E1 cells.
METHODS

Cell Culture
The murine osteoblast-like cell line MC3T3-E1 was obtained from the Department of Biochemistry and Molecular Biology of the Fourth Military Medical University, China. Cells were cultured in α-modified minimal essential medium (α-MEM; GIBCO, Grand Island, NY, USA) [17] supplemented with 10% heat-inactivated fetal bovine serum (FBS; Sijiqing Biological Engineering Materials Co., Hangzhou, Zhejiang, China), 100 units/ml penicillin, 100 mg/ml streptomycin, 2 mM Lglutamine and 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; Invitrogen, Carlsbad, CA, USA) at 37 • C in a humidified atmosphere with 5% CO 2 and 95% air.
In order to minimize the difference in cell growth between the control and treatment groups, the same batch of cells were used in each experiment. In addition, the same batch of serum was used in all experiments.
PEMF Exposure
The PEMF (a pulsed electromagnetic wave at a repetition rate of 0.5 Hz, pulse-width 350 ns) was generated by a spark gap pulse generator. A tapered parallel plate Gigahertz Transverse Electromagnetic cell (GTEM cell) with a flared rectangular coaxial transmission line was used to expose the MC3T3-E1 cells. The PEMF generator and the GTEM-cell were both devised by the Department of Mechanical Engineering, Southeast University (Nanjing, Jiangsu, China). To study the effects of PEMF on bone formation, MC3T3-E1 cells in culture were exposed to PEMF at the electric field intensities of 0 kV/m, 50 kV/m or 400 kV/m for 400 consecutive pulses daily for 7 consecutive days. The magnetic flux densities were 0 mT, 0.17 mT and 1.33 mT respectively. The temperature measurements were done with thermometer immediately before and after PEMF exposure. The exposure produced a rise in the culture medium temperature less than 0.1 • C.
To evaluate osteoblast proliferation, the MC3T3-E1 cells were suspended in complete medium, plated into 96-well culture plates (Nunc, Roskilde, Denmark) at a density of 1 × 10 4 cells/well (n = 6 for each time course in each group) and allowed to grow for 12 hours. The cells were then subjected to PEMF exposure as described above and the cell proliferation was measured by MTT assay every other day for 10 days. Medium was changed every 3 days. MTT (Amresco, Solon, OH, USA) was dissolved in 0.01 M Phosphate Buffered Saline (PBS; Invitrogen, Carlsbad, CA, USA) at a concentration of 5 g/l and sterilized by passage through a 0.22 µm filter (Millipore, Carrightwohill, Cork, Ireland). 20 µl of this stock solution was added to each well of culture plates, and the plates were incubated at 37 • C for 4 hours. The medium was then removed and replaced with 150 µl of Dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) to dissolve the dark blue formazan crystals. The multi-well plates were shaken for 10 min at room temperature to ensure that all the crystals were dissolved, and the plates were read on a microplate reader at a wavelength of 570 nm (Model 680, Bio-Rad, Chicago, IL, USA).
ALP Assay
MC3T3-E1 cells were suspended in complete medium, plated into 24-well culture plates (Nunc, Roskilde, Denmark) at a density of 5 × 10 4 cells/well and allowed to grow to confluence (n = 6 in each group). The cells were then subjected to PEMF exposure as described above. Medium was changed every 3 days. After the final PEMF exposure, the cells were rinsed twice with ice-cold PBS, scraped into 0.2% Triton X-100 and incubated at 37 • C for 30 min. The lysed cells were centrifuged at 8,000 g force for 10 min at 4 • C. Aliquots of supernatants were subjected to ALP activity measurement and protein assay. In brief, ALP activity was measured using a quantitative colorimetric assay with para-nitrophenol phosphate as substrate (Jiancheng Biolotechnology Co., Nanjing, Jiangsu, China). All values were normalized against the total protein concentration determined with the use of bicinchoninic acid (BCA) Protein Assay Reagent (Biosynthesis Biotechnology Co., Beijing, China).
Mineralized Nodule Formation Assay
MC3T3-E1 cells were suspended in complete medium, plated into 24-well culture plates (Nunc, Roskilde, Denmark) at a density of 5 × 10 4 cells/well and allowed to grow to confluence (n = 6 in each group). The cells were then subjected to PEMF exposure as described above, followed by culturing in growth media supplemented with 50 µg/ml ascorbic acid and 10 mM glycerophosphate for 2 weeks to promote differentiation and initiate mineralization of matrix formed by the osteoblasts [21] . Medium was changed every 3 days. At the end of the culture, the cells were fixed with 70% ethanol and stained for calcium with alizarin red S (1%) to identify mineralized bone nodules. For quantitative analysis, plates were scanned and analyzed with Image J software (NIH, Bethesda, MD, USA). Individual nodule areas were calculated and expressed as a percentage of the total cell culture areas analyzed.
RNA Extraction, cDNA Synthesis and Polymerase Chain Reaction (PCR)
MC3T3-E1 cells were suspended in complete medium, plated into 6-well culture plates (Nunc, Roskilde, Denmark) at a density of 2×10 5 cells/well and allowed to grow to confluence. The cells were then subjected to PEMF exposure as described above. Medium was changed every 3 days. After the final PEMF exposure, the cells were rinsed twice with ice-cold PBS and scraped into TRIZOL (Invitrogen, Carlsbad, CA, USA). Total RNA of MC3T3-E1 cells was extracted according to the manufacturer's instructions. First-strand cDNA was synthesized using 5 µg of the total RNA, Oligo(dT) 16−18 (Sangon Biotech Co., Shanghai, China) and Molony murine leukemia virus reverse transcriptase (SuperScript II reverse transcriptase, Invitrogen, Carlsbad, CA, USA). Primers of the selected genes for PCR reactions were synthesized (Sunbiotech Co., Beijing, China) as follows [22, 23] : The PCR products were analyzed on 1% agarose gel by electrophoresis. Optical densities of ethidium bromide-stained DNA bands were quantified using Bio-Rad image scanning software and the COL-I and Cbfa1 mRNA expression levels were normalized to the expression level of the housekeeping gene GAPDH. At least two independent experiments from cell culture to PCR were conducted, and each PCR was performed three times.
Western Blot
MC3T3-E1 cells were suspended in complete medium, plated into 6-well culture plates (Nunc, Roskilde, Denmark) at a density of 2 × 10 5 cells/well and allowed to grow to confluence. The cells were then subjected to PEMF exposure as described above. Medium was changed every 3 days. After the final PEMF exposure, the cells were rinsed twice with ice-cold PBS and scraped into lysis buffer [20 mM Tris-HCl, pH 8.0, 2% Nonident P-40, 150 mM NaCl, 5 mM MgCl 2 , 5 mM ethylene diamine tetraacetie acid (EDTA), 2 mM NaN 3 , and 1 mM phenylmethylsulfonyl fluoride (PMSF)]. After centrifugation at 12,600 g for 10 min at 4 • C, the supernatants (40 µg protein/sample) were separated on sodium dodecyl sulfate (SDS)-10% polyacrylamide gel. After electrophoresis, the separated proteins were blotted onto a nitrocellulose membrane (Osmonics, Minnetonka, MN, USA) using a semi-dry electroblotter, and the membrane was blocked at 4 • C overnight in 5% non-fat milk in tris buffered saline with Tween 20 (TBST) (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.05% Tween 20). Subsequently, the membrane was incubated at room temperature for 2 h with the primary antibodies (Rabbit polyclonal antibody directed against mouse BMP2/4 and goat polyclonal antibody directed against mouse Smad 1/5/8, Santa Cruz, CA, USA), and the bound antibody was detected with the horseradish peroxidase (HRP)-conjugated secondary antibody (HRP-conjugated goat anti-rabbit antibody and HRP-conjugated rabbit anti-goat antibody, Zhongshan Goldenbridge Biotechnology Co., Beijing, China). The desired proteins were visualized by use of the ECL Western blotting detection system (Pierce, Rockford, IL, USA) according to the manufacturer's instructions. The protein bands were quantified using Bio-Rad image scanning software and the protein expression levels were normalized to the expression of a housekeeping protein, actin. At least two independent experiments from cell culture to Western Blot were conducted, and each Western Blot was performed three times.
Statistical Analysis
The data are expressed as mean ± standard deviation (SD). Data were analyzed using analysis of variance (ANOVA). P < 0.05 was considered statistically significant. The statistical analyses were performed using the SPSS 13.0 for Windows.
RESULTS
To detect the effects of PEMF on proliferation of MC3T3-E1 cells, the growth curve of the cells in culture was observed by MTT assay after PEMF exposure. The cells grew steadily with time and a three-fold increase in optical density (OD) 570 was seen in each group during the first 6 days after the cells were exposed to PEMF. At day 8 and day 10, OD570 in 400 kV/m group (1.08 ± 0.027 and 1.12 ± 0.032, respectively) was significantly lower than OD570 in 0 kV/m group (1.13 ± 0.022 and 1.24±0.015, respectively). However, there was no significant difference in OD570 between 50 kV/m group (1.15 ± 0.015 and 1.22 ± 0.027 at day 8 and day 10, respectively) and 0 kV/m group (Fig. 1) .
The ALP activity in MC3T3-E1 cells was analyzed to examine whether PEMF exposure can influence osteoblastic differentiation. After 7 days of PEMF exposure, the ALP activity per unit protein in MC3T3-E1 cells was detected. Compared with 0 kV/m group, the ALP activity in 400 kV/m group decreased significantly (37.63 ± 3.244 vs. 41.67 ± 3.050). However, the ALP activity in 50 kV/m group (39.85 ± 1.461) was not significantly different from that in the 0 kV/m group ( Fig. 2(a) ). To investigate the effects of PEMF on mineralized nodule formation, cultures of MC3T3-E1 cells were subjected to PEMF exposure after reaching confluence. At the end of the cultures, the cells were stained by alizarin red S. As shown in Fig. 2(b) , the percentage of mineralized nodule area in 400 kV/m group (44.8 ± 6.11) was significantly smaller than that in 0 kV/m group (54.2 ± 8.70). However, there was no obvious difference in this parameter between 50 kV/m group (55.5 ± 1.99) and 0 kV/m group.
PEMF exposure had no effect on COL-I and Cbfa1 mRNA expression in MC3T3-E1 cells. After 7 days of PEMF exposure, COL-I and Cbfa1 mRNA were expressed by MC3T3-E1 cells in each group, but the relative intensity of both COL-I and Cbfa1 as normalized to GAPDH did not differ statistically among the three groups although the relative levels of both COL-I and Cbfa1 mRNA in 400 kV/m group appeared lower than those in 0 kV/m group (Fig. 3) .
PEMF exposure also had no effect on BMP2/4 and Smad1/5/8 protein expression in MC3T3-E1 cells. As shown in Fig. 4 , the relative level of both BMP2/4 and Smad1/5/8 as normalized to actin in MC3T3-E1 cells was not significantly different between PEMF exposed groups (both 400 kV/m and 50 kV/m) and 0 kV/m group after 7 days of PEMF exposure. Figure 3 . Effects of PEMF on COL-I and Cbfa1 mRNA expression in MC3T3-E1 cells. Cells were exposed to PEMF for 400 consecutive pulses daily for 7 consecutive days. Cells were harvested immediately after the final PEMF exposure. Total RNA was isolated and subjected to semi-quantitative RT-PCR analysis. The COL-I and Cbfa1 mRNA expression was normalized by an internal control gene glyceraldehydes-3-phosphate dehydrogenase (GAPDH). COL-I and Cbfa1 mRNA expression were quantitated by densitometry and plotted as fold induction. Results were obtained from two independent experiments and expressed as mean ± SD (n = 3 in each experiment). After cells were exposed to PEMF for 400 consecutive pulses daily for 7 consecutive days, equal aliquots of cell lysates were prepared, and BMP-2, BMP-4 and Smad1/5/8 protein levels were determined by Western blotting. Actin was used as an internal control. BMP2/4 and Smad1/5/8 protein expression were quantitated by densitometry and plotted as fold induction. Results were obtained from two independent experiments and expressed as mean ± SD (n = 3 in each experiment).
DISCUSSION
Although many studies supported the role of PEMF in promoting the osteoblastic proliferation [3] [4] [5] [6] [7] , some reported contradictory outcomes. Lohmann et al. [15, 16] found that PEMF, which consisted of 4.5 ms bursts of 20 pulses repeating at 15 Hz and was applied for 8 hours per day for 1 to 4 days, did not affect ROS 17/2.8 cell number but caused a reduction in MG63 cell proliferation. Similarly, Hannay et al. [19] found that PEMF consisting of 5 ms pulse bursts of 20 pulses repeating at 15 Hz and applied for 24 h inhibited proliferation of SaOS-2 cells. The contradictory results were likely attributed to the different PEMF and different experimental conditions employed. The PEMF used in our study is a unique PEMF that can reach the highest electric field intensity of 400 kV/m. We found that after 7 days of PEMF exposure, the proliferation of MC3T3-E1 cells did not change in 50 kV/m group but decreased significantly in 400 kV/m group, indicating that PEMF used at high electric field intensity did suppress osteoblastic proliferation.
ALP is a typical marker of the differentiation of osteoblast whereas mineralized bone nodule formation is a feature of osteoblast mineralization in vitro. We found that both ALP activity and the percentage of mineralized nodule area decreased significantly after 400 kV/m of PEMF exposure but remained unchanged after 50 kV/m of PEMF exposure, suggesting that PEMF used at high electric field intensity suppresed the differentiation and mineralization of osteoblast. Our results are consistent with those reported by others using PEMF exposure. McLeod and Collazo [14] reported an inhibition of differentiation of MC3T3-E1 cells after PEMF exposure (30 Hz, 1.8 mT, 0.9 mV/m, for 4 to 64 h). Chang et al. [17] noted that the mineralization nodules formation did not change, but the ALP activity of the osteoblasts decreased significantly after PEMF stimulation (15 Hz, 0.1 mT, 0.2 V/m, for 14 days). Cohly et al. [18] reported the mRNA expression of ALP in osteoblast were down regulated after PEMF stimulation (0.618 mT), indicating PEMF may be detrimental to bone formation.
The inhibitive effects of proliferation, differentiation and mineralization of MC3T3-E1 cells indicate that PEMF used at high electric field intensity (400 kV/m) was possibly a harmful factor for bone formation in vitro. Interestingly, COL-I mRNA expression in MC3T3-E1 cells did not change significantly after 400 kV/m PEMF exposure although bone formation was suppressed. COL-I is the main component of bone and is important for calcification leading to bone formation. Unchanging of COL-I mRNA implies that the bone formation inhibition by PEMF at high electric field intensity might be due to the alteration of post-transcription of COL-I or some other calcification regulative factors such as ALP.
BMP2/4 has been proposed to act as an important factor in osteoblast differentiation. A fundamental function of BMP2/4 is to induce the differentiation of mesenchymal cells toward cells of the osteoblastic lineage to promote osteoblastic maturation and function [24] . Smad1/5/8 are receptor regulated Smads which can be activated by BMP2/4 [25, 26] . Smads can interact with Cbfa1/ runtrelated transcription factor (Runx)-2 [27] . The effect on osteoblastic differentiation requires interactions of Smads with Cbfa1/ Runx-2 [28] . The importance of interactions between Cbfa1/Runx-2 and Smad is emphasized further by recent studies demonstrating that the presence of Cbfa1/Runx-2 is required for the targeting of BMP-2 dependent Smads to subnuclear sites. In the absence of Cbfa1/Runx-2, Smad1 and Smad5 are not translocated to the nucleus after BMP activation. Cbfa1/Runx-2 allows for the recruitment of Smads to sites of active transcription, and this effect is coupled with the regulation of gene expression [29] . We found that BMP2/4, Smad1/5/8 protein expression and Cbfa1 mRNA expression in MC3T3-E1 cells did not change after the PEMF exposure that inhibited the bone formation. The inhibitory effects of PEMF on bone formation might therefore be mediated by signal transduction pathways other than the BMP-Smad pathway.
In conclusion, PEMF of higher electric field intensity suppressed proliferation, differentiation and mineralization of MC3T3-E1 cells in culture. These results suggest that the PEMF we used might be harmful for bone formation. However, the related mechanism still needs further study.
